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ABSTRACT 
Despite the many advancements to forensic DNA analysis adopted by crime 
laboratories across the country, the most common method for the differential extraction of 
sexual assault samples has remained relatively unchanged since forensic deoxyribonucleic 
acid (DNA) typing was discovered in 1985.  As the quantity and quality of extracted DNA 
has significant implications on the success of subsequent analysis methods, the 
development and optimization of effective extraction procedures is vital to progressing the 
field of forensic DNA analysis.  The graduate students and faculty at the Boston University 
School of Medicine have been developing a differential extraction process that utilizes a 
multi-enzymatic approach to preferentially lyse and wash the cell types within temperature 
controlled environments.  The overall procedure is less labor-intensive and time-
consuming than the conventional method.  Through the extraction process, the inhibitory 
nature of each enzyme on the amplification process is avoided, circumventing the need for 
an additional purification step.  A single centrifugation step is required in order to pellet 
the sperm while the cumbersome wash steps are replaced with selective digestion in order 
to remove the residual epithelial cell DNA from the sperm fraction.  The three enzyme used 
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(EA1, Benzonase®, and Acrosolv) operate optimally at distinct temperatures which allows 
for controlled and sequential activation to achieve desired lysis and digestion outcomes.  
The enzymatic reactions are conducted within a DNA extraction lab thermal cycler to 
obtain rapid and accurate temperature changes. 
This novel temperature controlled differential extraction protocol has been 
developed and optimized for extraction of primarily liquid mixed samples in 0.2 milliliter 
(mL) tubes.  The epithelial cell lysis and sperm cell lysis stages of the extraction contained 
a final reaction volume of 100 microliters (µL).  Slight modifications to this 100 direct-
lysis differential extraction method resulted in a similarly efficient method with a high male 
DNA yield (74-100%) and minimal female carryover among varying ratios of epithelial 
cells to sperm cells.  This sensitive technique provided nearly complete profiles (14/16 
loci) of the male contributor in mixed samples containing ~15,200 female epithelial cells 
and ~500 sperm, with complete profiles observed in mixed samples containing ~1000 
sperm.  This modified extraction protocol better accommodates sample sizes that may be 
encountered in forensic casework testing while providing a more concentrated sperm 
fraction, possibly eliminating the need for an additional concentration step in some dilute 
samples.  The ease of implementation and the rapid processing time of 2-3 hours make it a 
great candidate for use in forensic DNA laboratories and may help alleviate backlogs of 
sexual assault kit.   
However, further work is needed to alter the composition of the sperm lysis buffer 
to make it compatible with currently used amplification kits.  Until such time, caution must 
be taken in the kit selection used for amplification of extracts produced with this method.  
vii 
This study also demonstrated a sensitivity of the GlobalFiler® PCR Amplification Kit to 
inhibition by the buffers used in this extraction protocol, particularly the Orange+ Buffer.  
This inhibition has dramatic effects on the profile quality of the amplified sperm fractions, 
with extensive allelic drop-out observed even when the Orange+ Buffer concentration was 
scaled from 1.0X to 0.2X.  Amplification using the AmpFℓSTR® Identifiler® Plus PCR 
Amplification Kit showed marginal recovery in the profile quality.  Other expanded-loci 
STR amplification kits may also demonstrate resistance to this inhibition. 
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1. INTRODUCTION 
1.1 Forensic DNA Profiling 
The field of forensic science was revolutionized with the development of 
deoxyribonucleic acid (DNA) typing methods in 1985; and with it, a DNA extraction 
method for sexual assault evidence was introduced [1].  A great deal has changed since 
then, multiplexed short tandem repeat (STR) markers have replaced multi-locus variable 
number of tandem repeat (VNTR) probes, polymerase chain reaction (PCR) assays have 
replaced restriction fragment length polymorphism (RFLP) methods, complex 
probabilistic software programs are replacing simpler statistical models, and fragment 
separation and detection has moved from polyacrylamide gel electrophoresis to capillary 
electrophoresis and, perhaps soon, to next generation sequencing [2].  Despite the many 
advancements to forensic DNA analysis adopted by crime laboratories across the country, 
the most common method for the differential extraction of sexual assault samples has 
remained relatively unchanged since forensic DNA typing was discovered.   
 
1.1.1 DNA Extraction 
The extraction of DNA is the primary step in forensic DNA analysis of biological 
fluids.  During DNA extraction, the cells containing the DNA molecules are ruptured.  The 
DNA is then isolated from cellular materials that may damage the DNA or inhibit the 
ability of downstream analysis methods, such as nucleases or packaging proteins.  A variety 
of extraction methods have been developed and adopted by crime laboratories for 
application on the many different sample types encountered in forensic analysis.  The 
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origin of the biological material, the quality of the sample, and the presence of any substrate 
material which may co-extract with the biological evidence may influence the selection of 
extraction method.  As the quantity and quality of extracted DNA has significant 
implications on the success of subsequent analysis methods, the development and 
optimization of effective extraction procedures is vital to progressing the field of forensic 
DNA analysis. 
Forensic DNA extraction methods fall primarily under two categories: single step 
methods and two step methods [3].  Single step, or direct-lysis, methods typically require 
minimal steps in order to rapidly obtain DNA ready for PCR.  Single step methods 
currently used in crime labs include Chelex extractions, extractions using lytic buffers, and 
extractions utilizing thermal stable proteinases, such as the EA1 enzyme found in the 
forensicGEMTM kit family provided by MicroGEM (Southampton, UK).  Commonly 
performed in a single tube, these methods reduce the loss of DNA and risk of contamination 
from tube transfers and sample handling.  However, direct-lysis methods are limited in 
their ability to remove contaminants that may cause PCR inhibition.  Two step methods, 
such as the phenol-chloroform extraction or the many silica-based extractions, incorporate 
an additional step to purify the DNA of potential inhibitors present in the sample.  While 
the purification increases the quality of the lysates, it also results in DNA loss; and the 
additional handling of the sample increases the opportunities for contamination.  Still, this 
purification may be necessary depending on the characteristics of the sample, many of 
which may be unclear to the analyst prior to extraction.   
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Some complex samples require another type of extraction method known as the 
differential extraction.  The purpose of this extraction is to separate epithelial cell DNA 
from sperm cell DNA in mixed donor samples.  This technique is commonly applied to 
sexual assault cases in order to divorce the male and female contributions of a mixture 
containing male and female DNA.  Ideally, the results provide two distinct DNA profiles 
that can be matched to the female victim and the male perpetrator.  The 1985 Gill method 
for differential extraction is heavily used by most crime laboratories, though some other 
techniques have been proposed.  
 
1.1.2 Quantitation 
Following the extraction stage, samples are assessed for the quality and quantity of 
DNA using real-time PCR systems.  This human-specific DNA quantitation informs the 
analyst by providing the concentration of DNA extracted, the presence of any male-specific 
DNA, and the indication of potential degradation or inhibition [4,5].  Downstream PCR-
based testing performs optimally within a narrow range of DNA mass, and the quantitation 
results allow the analyst to dilute or concentrate the sample accordingly before continuing 
forward.  
 
1.1.3 Amplification 
Specific regions on the DNA molecule known as short tandem repeats (STRs) are 
targeted during amplification [6].  During this stage, commercially available multiplex 
PCR kits are used to make hundreds of millions of copies of the STR regions of specified 
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template DNA.  The ability of these kits to accurately amplify the template DNA may be 
hindered by the presence of inhibitors in the extract, including hemoglobin, urea, calcium 
ions, phenol, chloroform, collagen, and certain proteinases, just to name a few [7].   
The number and type of STRs amplified vary among kits. Two common kits used 
in crime laboratories include the AmpFℓSTR® Identifiler® Plus PCR Amplification Kit 
(Applied Biosystems, Foster City, CA) and the GlobalFiler® PCR Amplification Kit 
(Applied Biosystems, Foster City, CA).  The former is a 5-dye system introduced in 2012 
that targets 15 autosomal STR loci and the Amelogenin gender-determining locus [8].  
Additional STR markers increase the discrimination power of the analysis and diminish 
the likelihood of adventitious matches, and thusly motivated the U.S. to expand the 
required number of core Combined DNA Index System (CODIS) loci markers from 13 to 
20 by January of 2017.  In late 2017 the expanded 6-dye GlobalFiler® kit was validated, 
which included 21 autosomal STR markers, 2 Y-chromosome-specific markers, and the 
Amelogenin marker [9].   
 
1.1.4 Fragment Separation and Analysis 
The amplified fragments are then separated by size and charge via capillary 
electrophoresis [10].  The results of this separation can be analyzed using software to 
produce the DNA profiles.  Profiles from evidentiary samples can then be compared to 
profiles of reference, or known, samples obtained from suspects, victims, or databases.  
Analysts can then render a statement as to whether the known individual can be included 
or excluded as the potential donor of the DNA found on the evidence sample. 
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1.2 Sexual Assault Evidence Processing 
1.2.1 The Gill Method 
As mentioned previously, sexual assault evidence samples must be treated 
differently than other types of DNA evidence.  The potential presence of two donors can 
result in complex DNA profiles unsuitable for comparison unless the mixed cell types are 
lysed separately.  The Gill method (depicted in Figure 1) accomplishes this by first 
preferentially lysing the epithelial cells during a several hour-to-overnight 37°C incubation 
in a mild detergent, known as sodium dodecyl sulfate (SDS), and proteinase K [1].  The 
SDS ruptures the cell membranes of present epithelial cells and leukocytes as proteinase K 
digests packaging proteins and detrimental nucleases.  While the epithelial cell DNA 
(primarily from the female donor) is now in solution, the nuclei of the sperm cells remain 
resistant to the mild lysis agents due to structural dissimilarities in the packaging of DNA.  
In sperm, DNA is packaged by bound protamines which are held tightly in place by 
disulfide bonds, forming toroidal chromatin [11].  The dense compaction of nuclear 
material allows the sperm nuclei to remain intact during this initial lysis stage.  A 
centrifugation of the sample pellets the sperm cells in the bottom of the tube, allowing the 
epithelial cell DNA present in the supernatant to be removed to a separate tube (epithelial 
cell fraction).  Following several wash step to remove residual epithelial cell DNA in the 
remaining sperm fraction, lysis of the sperm cells is then achieved by the addition of 
dithiothreitol (DTT), along with SDS, and proteinase K.  The DTT is able to reduce the 
disulfide bonds protecting the sperm nuclei and release the sperm DNA into solution.  Both 
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fractions must then undergo additional purification steps due to the inhibitory effects of the 
chemical agents used.  Ionic detergents, such as SDS, are considered highly inhibitory to 
PCR [12], while proteinases and DTT have also been reported to induce inhibitory effects 
at certain concentrations [7]. 
 
 
Figure 1. Illustration of the Gill Method of differential extraction. 
In an ideal differential extraction, the sperm fraction contains only the DNA of the 
male donor (perpetrator) with minimal carryover of male DNA in the epithelial cell 
fraction.  As with all extractions, maximizing the yield of DNA, within the respective 
fractions, is essential to generating high quality profiles.  Finally, the process would be 
rapid and amenable to automation. The Gill method, on the other hand, can result in 
significant loss of DNA, particularly in the sperm fraction (>90% loss as reported by 
Vuichard et al.) [13].  The sperm fractions often contain a considerable amount of female 
DNA, resulting in an increased interpretation complexity of the mixture profiles.  The Gill 
method is also a lengthy process (between 6 to 24 hours) [13] and the number of tube 
transfers and centrifugation steps make the process difficult to effectively automate.   
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1.2.2 The Sexual Assault Evidence Kit Backlog 
The last reported national census of crime laboratories, completed in 2014, 
estimated 45,000 requests to process sexual assault evidence during that year [14].  At the 
end of the year, approximately 9,000 requests were backlogged.  The continued effort to 
reduce these backlogs have been aided by millions of dollars in federal funding, as well as 
federal and state legislation on sexual assault evidence processing [15].  Despite these 
resources, crime laboratories need additional tools to combat this nation-wide challenge.  
Shortening the differential extraction process may have a considerable impact on 
eliminating the growing backlogs in crime laboratories. 
 
1.3 Novel Temperature Controlled Differential Extraction Procedure 
 The graduate students and faculty at the Boston University School of Medicine 
have been developing a differential extraction process that utilizes a multi-enzymatic 
approach to preferentially lyse and wash the cell types within temperature controlled 
environments [16,17].  The overall procedure is less labor-intensive and time-consuming 
than the conventional method.  Through the extraction process, the inhibitory nature of 
each enzyme on the amplification process is avoided and circumvents the need for a final 
purification step, except in circumstances in which inhibition from substrate components 
is detected during the DNA quantification process.  A single centrifugation step is required 
in order to pellet the sperm while the cumbersome wash steps are replaced with selective 
digestion in order to remove the residual epithelial cell DNA from the sperm fraction.  The 
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three enzyme used (EA1, Benzonase®, and Acrosolv) operate optimally at distinct 
temperatures which allows for controlled and sequential activation to achieve desired lysis 
and digestion outcomes.  The enzymatic reactions are conducted within a DNA extraction 
lab thermal cycler to obtain rapid and accurate temperature changes.  Figure 2 illustrates 
this direct lysis process for liquid samples.  
 
Figure 2. Illustration of the Temperature Controlled Differential Extraction Method. 
 
1.3.1 EA1 Protease 
 A recombinant version of the neutral metalloproteinase produced by the Bacillus 
sp. strain EA1 is the thermophilic enzyme (hereafter referred to as EA1 protease) utilized 
in many of the forensicGEMTM family kits commercialized by MicroGEM [18,19].  The 
most thermostable member of the thermolysin family of proteases, the EA1 enzyme is 
capable of digesting cellular proteins when activated at elevated temperatures [19].  The 
enzyme is inactive below 60°C, optimally active at 75°C, and irreversibly inactive at 95°C.  
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The active EA1 protease aggressively hydrolyzes peptides as they begin to denature from 
the high temperature.  Furthermore, nucleases remain inactive at 75°C, allowing the EA1 
protease to lyse the cell while simultaneously digesting nucleases detrimental to the freshly 
released DNA.   
 Moss et al. validated the use of the EA1 protease in a DNA extraction protocol for 
use on mock and genuine forensic stains, and compared results to Chelex and phenol-
chloroform extraction methods [20].  They concluded that with regard to the DNA yield, 
the EA1 protease-based method performed similarly to the phenol-chloroform method and 
outperformed the Chelex method for most of the sample types containing blood, saliva, 
and trace (epithelial) DNA.  However, the EA1 protease proved ineffective in the lysis of 
semen samples, even with the addition of DTT.  This inability to release the sperm DNA 
may be due to the minimal cleavage sites the protease has on the sperm protamines [16].  
This substrate specificity proves advantageous for the development of this differential 
extraction, as the EA1 protease can preferentially lyse the epithelial cell DNA while 
leaving the sperm cells intact.  The sample can then be centrifuged and the fractions 
separated.    
 
1.3.2 Benzonase® Nuclease 
 Benzonase®, manufactured by Merck (Darmstadt, Germany), is a commercial 
variant of an endonuclease produced by the Serratia marcescens species of bacilli.  
Optimally active at 37°C, this nonspecific nuclease digests both double-stranded and 
single-stranded nucleic acids [21].  Because of its properties, Benzonase® can be utilized 
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to selectively degrade the residual epithelial cell DNA in the sperm fraction.   The activity 
of the enzyme persists between 0°C and 40°C, with minimal-to-no activity above 50°C.  
The nuclease activity of Benzonase® can then be completely ceased by digesting it with 
the EA1 protease at 75°C prior to the lysis of the sperm cells [16,17].  This selective 
degradation model of the differential extraction likely results in less nuclease damage to 
the sperm than other previously proposed models, as the EA1 protease has far fewer 
cleavage site to the sperm protamines than proteinase K [16].  The Benzonase® nuclease 
does require magnesium (Mg) or manganese (Mn) ions, with optimal activity observed 
with 1-10 millimolar (mM) Mg2+ [22,23]. 
 
1.3.3 Acrosolv 
 Another enzyme marketed by MicroGEM, the Acrosolv enzyme is included in the 
forensicGEMTM Sperm kit for direct-lysis application in the extraction of sperm cells.  
Acrosolv is a mesophilic protease capable of lysing the sperm cells, with minor aid from 
the EA1 protease.  Following its activity at 52°C, the enzyme can be digested by the EA1 
protease to render it incapable of damaging the Taq polymerase and inhibiting the 
amplification.  Therefore, at the conclusion of the sperm lysis, the sperm fraction can be 
immediately prepared for PCR without any additional purification steps.  
 
1.3.4 Previous Optimization of the Temperature Controlled Differential Extraction: 100 µL 
Method 
11 
 This novel direct-lysis temperature controlled differential extraction protocol has 
been developed and optimized for extraction of primarily liquid mixed samples in 0.2 
milliliter (mL) tubes [16,17,24].  The epithelial cell lysis and sperm cell lysis stages of the 
extraction contained a final reaction volume of 100 microliters (µL).  This 100 µL method 
demonstrated greater recovery of sperm cell DNA than the conventional Gill method for 
epithelial cell: sperm cell DNA (E:S) ratios of 1:1, 1:5, 1:20, and 1:50, with less female 
carryover noted in the direct-lysis samples when amplified with the AmpFℓSTR® 
Identifiler® Plus PCR Amplification Kit [16].  Further optimization demonstrated greater 
separation of the female epithelial cell DNA from the sperm fraction following Benzonase® 
and EA1 treatment and reported approximately 100% recovery of starting sperm cell DNA 
in E:S mixtures of 1:1, 20:1, and 50:1 [17].  Despite the impressive recovery with mixture 
samples extracted with the 100 µL method, samples containing 3.3 nanograms (ng) of 
starting sperm (~1000 sperm cells) or less required an additional concentration step 
following the extraction. Additionally, the limited reaction volume of the epithelial cell 
lysis stage prevented the extraction of sample sizes greater than 3mm2, which prove too 
small for adequate analysis in some forensic samples. 
 
1.4 Aim and Hypothesis 
  Modifications to the 100 µL temperature controlled differential extraction method 
can allow the accommodation of larger sample sizes while providing more concentrated 
sperm fractions.  In theory, increasing the reaction volume of the epithelial cell lysis stage 
and decreasing the reaction volume of the sperm lysis stage will not diminish the high 
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extraction efficiency and cell separation, resulting in extracts immediately ready for PCR 
and a differential extraction method better suited for application on forensic casework. 
 
13 
2. MATERIALS AND METHODS 
Dilutions of 250U/µL Benzonase® Nuclease (Sigma-Aldrich, St. Louis, MO) were 
prepared using a 2X reaction buffer (40 mM Tris-HCl, 4 mM MgCl2, 40 mM NaCl, pH 
8.0) and the volume added was equivalent to sample volumes to achieve a 1X working 
solution.  
Quantitation of all samples was completed using Quantifiler® Duo DNA 
Quantification Kit reagents (Applied Biosystems, Foster City, CA), analyzed on a 7500 
Real-Time PCR System (Applied Biosystems, Foster City, CA) according to the 
manufacturer’s instructions. DNA concentrations were calculated using a previously 
calibrated standard curve [25].   
Amplifications were performed using, where specified, either GlobalFiler® PCR 
Amplification Kit (Applied Biosystems, Foster City, CA) or AmpFℓSTR® Identifiler® Plus 
PCR Amplification Kit (Applied Biosystems, Foster City, CA) according to the 
manufacturer’s instructions.  Amplifications were conducted in a Veriti® 96-Well Thermal 
Cycler (Applied Biosystems, Foster City, CA) prior to fragment separation with a 3130 
Genetic Analyzer (Applied Biosystems, Foster City, CA).  GeneMapper® ID-X v1.4 
software (Applied Biosystems, Foster City, CA) was used to generate and analyze 
electropherograms.  Unless stated, produced electropherograms were analyzed with a 30 
RFU analytical threshold and a locus specific stutter filter.  Extraction controls (reagent 
blanks) and positive and negative amplification controls were prepared with all 
experiments and performed as expected.  
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2.1 Sample Preparation 
Epithelial cells were obtained from fresh saliva samples provided by an anonymous 
female donor.  Saliva samples were washed 3-5 times with 1X phosphate-buffered saline 
(PBS: Gibco, Paisley, Scotland, UK) by centrifuging the sample at 800 relative centrifugal 
force (rcf) for 3 minutes and subsequently removing the supernatant.  Following the final 
wash, cells were re-suspended in 200 µL of TE buffer (laboratory prepared) in order to 
obtain the “neat” stock sample of epithelial cells.  Sperm cell samples were obtained from 
semen samples purchased from BiolVT (Westbury, NY).  Semen samples were simply 
aliquoted prior to storage to make “neat” stock samples of sperm cell. All samples were 
stored at -20°C.  
Prior to each experiment, freshly prepared neat epithelial cell stocks were diluted 
to 1:100 and neat sperm cell stocks were diluted to 1:100 and 1:1000 using deionized (DI) 
water.  Ten microliters of the neat and diluted epithelial and sperm cell stocks were 
extracted in duplicate using the EA1-containing forensicGemTM Universal and Acrosolv-
containing forensicGemTM Sperm kit reagents, respectively.  The specifications for each 
extraction are detailed individually for each experiment.  The extracted stocks were 
immediately quantitated in duplicate to determine the total human and male DNA 
concentrations.  Epithelial only, sperm only, and mixed liquid samples were prepared by 
combining specified amounts of the pre-quantitated DNA from epithelial cell and sperms 
cell stock samples, which allowed for approximate estimation of the starting DNA 
concentrations for each sample.  
15 
 
2.2 Modification of Reaction Volume in Cell Lysis Stages 
 The epithelial and sperm cell lysis steps of the differential extraction protocol were 
examined separately.  For each lysis step, four reaction conditions were prepared in order 
to examine the variation in thermal cycler performance, the reaction volume, and the 
amount of appropriate enzyme added.  Condition 1 represents the previously optimized 
method conducted in 0.2 mL tubes with a total reaction volume of 100 µL.  All stock 
samples were extracted according to the Condition 1 method.  Conditions 2-4 were 
conducted in 0.5 mL tubes with reaction volumes or enzyme concentrations that vary from 
Condition 1.  All reactions in 0.2 mL tubes were performed in a SimpliAmp™ 96-Well 
Thermal Cycler (Applied Biosystems, Foster City, CA), while reactions in a 0.5 mL tubes 
were performed in a Veriti® 60-Well Thermal Cycler (Applied Biosystems, Foster City, 
CA).  
 
2.2.1 Increased Reaction Volume of Epithelial Cell Lysis Stage 
Table 1 below outlines the amount of each component of the epithelial cell lysis 
reaction mix used for each condition.  The 20 µL epithelial cell only samples were prepared 
in DI water to contain final human DNA concentrations of 0.25 ng/µL and 1.0 ng/µL when 
added to the lysis reaction volume.  Epithelial cell only samples were prepared in duplicate 
for each concentration and condition.  After the epithelial cell only samples were added to 
the reaction mix, the samples were placed in their respective thermal cyclers for 15 minutes 
at 75°C, followed by 3 minutes at 95°C, and finally 4°C for at least 5 minutes.  All extracts 
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were then immediately quantitated in duplicate.  The quantitation results were averaged 
and used to calculate the concentration of DNA present in each extract.  
 
Table 1.  Epithelial Cell Lysis Conditions.  One variable was changed in each condition in order to 
examine the effects of thermal cycler performance, increased reaction volume, and the incorporation of 
additional EA1 enzyme. 
Condition 1* 2† 3† 4† 
Volume Water 67 µL 67 µL 427 µL 424 µL 
Volume Orange+ Buffer 10 µL 10 µL 50 µL 50 µL 
Volume EA1 3 µL 3 µL 3 µL 6 µL 
Volume E-cell Only 
Sample 
20 µL 20 µL 20 µL 20 µL 
Reaction Volume 100 µL 100 µL 500 µL 500 µL 
*Reactions were conducted in a 0.2 mL tube in a SimpliAmp™ Thermal Cycler 
†Reactions were conducted in a 0.5 mL tube in a Veriti® Thermal Cycler 
 
2.2.2 Reduced Reaction Volume of Sperm Cell Lysis Stage 
Table 2 below outlines the amount of each component of the sperm cell lysis 
reaction mix used for each condition.  The 20 µL sperm cell only samples were prepared 
in DI water to contain final male DNA concentrations of 0.1 ng/µL and 0.4 ng/µL when 
added to the lysis reaction volume.  Sperm cell only samples were prepared in duplicate 
for each concentration and condition.  After the sperm cell only samples were added to the 
reaction mix, the samples were placed in their respective thermal cyclers for 5 minutes at 
52°C, followed by 3 minutes at 75°C, 3 minutes at 95°C and finally 4°C for at least 5 
minutes.  All extracts were then immediately quantitated in duplicate.  The quantitation 
results were averaged and used to calculate the concentration of DNA present in each 
extract. 
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Table 2.  Sperm Cell Lysis Conditions.  One variable was changed in each condition in order to examine 
the effects of thermal cycler performance, increased reaction volume, and the incorporation of additional 
Acrosolv and EA1 enzyme. 
Condition 1* 2† 3† 4† 
Volume Water 58 µL 58 µL 19 µL 13 µL 
Volume Blue Buffer 10 µL 10 µL 5 µL 5 µL 
Volume Acrosolv 10 µL 10 µL 10 µL 5 µL 
Volume EA1 2 µL 2 µL 2 µL 1 µL 
Volume E-cell Only 
Sample 
20 µL 20 µL 20 µL 20 µL 
Reaction Volume 100 µL 100 µL 50 µL 50 µL 
*Reactions were conducted in a 0.2 mL tube in a SimpliAmp™ Thermal Cycler 
†Reactions were conducted in a 0.5 mL tube in a Veriti® Thermal Cycler 
 
2.3 Increasing Epithelial Cell Concentration Against Constant Sperm Cell 
Concentration Using GlobalFiler® 
Using the results from the previous two experiments, a modified 500/50 µL 
differential extraction procedure was developed by substituting the cell lysis stages of the 
previously validated protocol for the reaction mixes from Condition 3 of the epithelial cell 
lysis study and Condition 4 of the sperm cell lysis studies.  To test the ability of the 
modified differential extraction to effectively prevent female DNA carryover in the sperm 
fraction, mixed liquid sample were prepared in specific ratios using pre-quantified saliva 
and semen samples.  A final mass of sperm cell DNA was kept constant at 20 ng, while the 
epithelial cell DNA mass ranged from 20 ng to 400 ng.  The resulting cell mixtures 
contained the following E:S DNA ratios: 1:1 (20 ng:20 ng), 5:1 (100 ng: 20 ng), and 20:1 
(400 ng: 20 ng).  Each mixture was prepared in a total volume of 20 µL and made in 
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quadruplicate.  Two quadruplicates of each mixture were extracted using the previously 
validated 100 µL differential extraction while the other two quadruplicates were extracted 
using the modified 500/50 µL differential extraction (Table 3).  In addition to the 
modifications in the epithelial and sperm cell lysis stages, an adjustment was also made to 
the digestion of the residual epithelial cell DNA in the sperm fraction.  Instead of the 
addition of 20 µL of a 1:200 dilution of Benzonase®, only 10 µL of a 1:100 dilution of 
Benzonase® is added, effectively reducing the volume while maintaining the same 
concentration of added Benzonase®.  The resulting epithelial cell and sperm cell fractions 
were quantitated, in duplicate, and amplified using a 1.0 ng target of DNA.  For samples 
with quantitation values below 0.067 ng/µL, 15 µL of the sample was amplified.  
In addition to the reagent blank, two samples containing 10 µL of either 1:10 
epithelial cells only or 1:100 semen only were prepared in duplicate and extracted using 
the 100 µL differential extraction procedure.  These samples were used as pseudo-
exemplars of the female and male donors for profile comparison and deconvolution.  
19 
Table 3. Summary of 100 µL and 500 µL Differential Extraction Procedures. 
 100 µL Procedure 500/50 µL Procedure 
E-cell Lysis 
Reaction 
Components 
3 µL EA1 3 µL EA1 
10 µL 10X Blue Buffer 50 µL 10X Blue Buffer 
67 µL Water 427 µL Water 
Thermal 
Cycler Settings 
75°C for 15 min 4°C for 5 min 
Centrifuge for 5 min at max speed 
Remove 80 µL of supernatant (e-cell fraction), leaving 20 µL (sperm fraction) 
EA1 Deactivation of E-cell Fraction 
Thermal 
Cycler Settings 
95°C for 5 min 
Residual E-cell DNA Digestion of Sperm Fraction 
Reaction 
Components 
20 µL (25 U) 1:200 Benzonase® 10 µL (25 U) 1:100 Benzonase® 
2.5 µL 1:10 EA1:10X Blue 
Buffer 
2.5 µL 1:10 EA1:10X Blue 
Buffer 
Thermal 
Cycler Settings 
37°C for 15 min 75°C for 15 min 4°C for 5 min 
Sperm Cell Lysis of Sperm Fraction 
Reaction 
Components 
10 µL Acrosolv 5 µL Acrosolv 
2 µL EA1 2 µL EA1 
10 µL 10X Orange+ Buffer 5 µL 10X Orange+ Buffer 
35.5 µL Water 5.5 µL Water 
Thermal 
Cycler Settings 
52°C for 5 min 75°C for 3 min 95°C for 3 min 4°C for 5 min 
 
2.4 Degradation and Inhibition Characterization 
 Profiles generated from the previous experiment demonstrated potential 
degradation of the sperm cell DNA or inhibition during the amplification of the sperm 
fraction. In order to characterize this issue, the following experiments were devised. 
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2.4.1 Sperm Integrity 
 In order to identify potential degradation within the frozen aliquots of sperm used 
in the previous experiment, 10 µL of each aliquot was combined with 10 µL of water and 
then extracted using only the 100 µL sperm lysis protocol (Condition 1 in Table 2).  In 
addition to these samples, a new 1:100 dilution was prepared from the once-thawed semen 
sample from the original donor; along with a 1:100 dilution prepared from another donor’s 
semen sample.  Samples of these new dilutions were prepared just as those of the aliquots 
above.  Extracts were quantitated in duplicate, and amplified to a target of 0.75 ng.  
 
2.4.2 Nuclease Degradation or Protease Inhibition 
 A previous research study conducted at Boston University School of Medicine 
exhaustively examined the effects of incomplete digestion of Benzonase® during the 100 
µL differential extraction.  The currently used 100 µL procedure was optimized to avoid 
this potential source of degradation, and was therefore not re-examined here.  To assess the 
possibility that one of the enzymes present in the sperm lysis reaction did not get 
completely digested or inactivated at the conclusion of the extraction procedure, the length 
of time at which the enzymes were active was varied.  Five sets of two 20 µL samples 
containing 3 ng of purified DNA and five sets of two 20 µL containing 6 ng of purified 
DNA were prepared in 0.5 mL tubes.  Three sets of samples were prepared using the 
modified 50 µL sperm lysis protocol using 1X Orange+ Buffer (Condition 4 in Table 2).  
The other two sets were prepared similarly, but with the Acrosolv enzyme replaced by 
water, creating EA1 only reactions.  The durations of each temperature stage the samples 
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underwent in the thermal cycler is detailed in Table 4.  Two sets of reagent blanks were 
also prepared using both reaction mixes (Acrosolv + EA1 and EA1-only). Post-extraction, 
one set was then spiked with 6 ng of the purified DNA.  All extracts were immediately 
amplified to a target of 0.75 ng based on the amount of DNA added pre- or post-extraction.  
Finally, a positive donor control was prepared for amplification, containing the purified 
DNA and no reaction mixes. 
Table 4.  Sperm Lysis Thermal Cycler Settings.  The length of time at which Acrosolv and EA1 were 
active was varied. 
 Acrosolv & EA1 Reactions EA1 Only Reactions 
Temperature Set 1 Set 2 Set 3 Set 4 Set 5 
52°C 5 min 5 min 10 min 5 min 5 min 
75°C 3 min 5 min 3 min 3 min 5 min 
95°C 3 min 3 min 3 min 3 min 3 min 
4°C 5 min 5 min 5 min 5 min 5 min 
Time lengths in green are unchanged from the original sperm lysis protocol, while time lengths in red 
indicate an extended length of enzyme activity. 
 
2.4.3 Buffer Inhibition 
2.4.3.1 Decreasing Volume of 1X Orange+ Buffer 
To examine the effect the volume of Orange+ Buffer had on the potential inhibition 
during amplification, three amplification tubes were prepared, each with one of the 
following volumes of 1X Orange+ Buffer added: 14 µL, 10 µL, and 5 µL.  A different lot 
of Orange+ Buffer was utilized in this experiment to eliminate the possibility that the 
inhibitory effect is attributable to a specific lot.  One microliter of 1 ng/µL purified DNA 
was added to an amplification tubes, and then water was added to the tubes until the total 
volume was 15 µL.  An additional tube was prepared using 1 µL of DNA and 14 µL water, 
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as a control.  A GlobalFiler® master mix was then prepared and added to each tube 
according to the manufacturer’s instructions before the samples were amplified. 
 
2.4.3.2 Re-amplification of Sperm Fractions from the Differential Extraction of Mixed 
Liquid Samples Using GlobalFiler® 
 To test if the diminished quality of inhibited profiles could be restored by reducing 
the amount of sample present in the amplification, the sperm fractions of the mixed samples 
were all re-amplified using a smaller specified volume of extract.  To each amplification 
tube, 12 µL of water was added, followed by 3 µL of the sperm fraction extracts.  This 
reduced sample volume resulted in a lower final concentration of Orange+ Buffer than used 
in the original amplification.  A GlobalFiler® master mix was then prepared and added to 
each tube according to the manufacturer’s instructions.  Following amplification and 
capillary electrophoresis, the resulting electropherograms were compared those of the 
original amplification.  
 
2.4.3.3 Comparison between Reduced Buffer Concentration and Post-extraction Reaction 
Cleanup with QIAGEN MinElute® Reaction Cleanup Kit on the Recovery of Profile Quality 
 Three sets (Set 1-3) of two samples were prepared by aliquoting 10 µL of a 1:500 
dilution or 1:1000 dilution of stock semen into 0.5 mL tubes.  Two sperm lysis master 
mixes were also prepared.  The first (Mix 1) contained 28 µL of water, 5 µL of 10X 
Orange+ Buffer, 5 µL of Acrosolv, and 2 µL of EA1 per reaction in order to make the final 
Orange+ Buffer concentration of 1X.  The second master mix (Mix 2) contained 30.5 µL 
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of water, 2.5 µL of 10X Orange+ Buffer, 5 µL of Acrosolv, and 2 µL of EA1 per reaction 
in order to make a final Orange+ Buffer concentration of 0.5X.  Forty microliters of Mix 1 
were added to samples from Set 1 and Set 2, while 40 µL of the Mix 2 were added to 
sample from Set 3.  All samples were then placed in the thermal cycler for 5 minutes at 
52°C, 3 minutes at 75°C, 3 minutes at 95°C, and 5 minutes at 4°C.  At the conclusion of 
the extraction, the matching dilution samples of Sets 1 & 2 were combined, mixed 
thoroughly, and then re-divided into two sets.  Sets 1 & 3 were placed in a 4°C refrigerator 
while Set 2 underwent a reaction cleanup step using QIAGEN MinElute® Reaction 
Cleanup Kit, following the manufacturer's instructions.  Set 2 samples were then brought 
to a final volume of 50 µL to match that of Sets 1 & 3 samples.  All samples were then 
immediately quantitated and ultimately amplified with GlobalFiler® to a target of 0.75 ng.  
 
2.4.3.4 Decreasing Concentration and Volume of Orange+ Buffer (0.5X vs 0.2X) 
 Two sperm lysis reaction mixes were prepared using either 0.5X or 0.2X Orange+ 
Buffer.  Each reaction mix contained 5 µL of Acrosolv and 2 µL of EA1 per reaction.  Each 
reaction of the 0.5X Orange+ Buffer mix contained 2.5 µL of Orange+ Buffer.  To the 0.2X 
Orange+ Buffer reactions, 1 µL of the buffer was added.  Each reaction was brought to 30 
µL total volume with water.  Then 20 µL of either freshly prepared 1:100 and 1:1000 
dilutions of stock semen were added to each reaction.  Both dilutions were extracted with 
both reaction mixes in a thermal cycler as previously described.  All samples were 
immediately quantitated in duplicate. 
24 
 For both reaction mixes, one extract was selected, aliquoted into a separate tube, 
and diluted to 0.2 ng/µL of human DNA in the Orange+ Buffer concentration used in their 
respective sperm lysis reaction mixes.  Three amplifications of the two extracts were 
prepared by adding 5 µL of the extract to tubes containing either 10 µL of Orange+ Buffer, 
5 µL of the buffer, or 0 µL of the buffer.  The concentration of the Orange+ Buffer added 
to each reaction matched that of the buffer used in sperm lysis reaction mix of each sample.  
The volume of each tube was then brought to 15 µL using water.  A GlobalFiler® master 
mix was also added to each tube, according to the manufacturer’s instructions, before all 
samples were amplified. 
 
2.4.3.5 DNA Dilution Series in 0.2X Orange+ Buffer – Comparison of GlobalFiler® and 
Indentifiler® Plus Amplifications 
 In addition to examining the extent to which 0.2X Orange+ Buffer may inhibit 
samples amplified with the GlobalFiler® PCR Amplification Kit, similarly prepared 
samples were also amplified with the AmpFℓSTR® Identifiler® Plus PCR Amplification 
Kit.  For this, five reagent blanks were prepared and extracted using the modified 
differential extraction procedure.  The sperm lysis stage of the differential extraction was 
prepared to have a final Orange+ Buffer concentration of 0.2X.  The resulting epithelial 
cell fractions of the reagent blank were then combined into a single sample (referred to as 
the E-RB matrix), as were the sperm cell fractions (S-RB matrix).  Additionally, a mix 
containing only the buffers used in the extraction process, no enzymes, was prepared 
(subsequently referred to as the “All Buffer” matrix).  The volumes of each buffer added 
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were selected in order to best simulate the concentrations expected in the final sperm 
fraction.  The resulting concentrations of each buffer for the four matrices are provided in 
Appendix Table A.  Finally, 1.0 ng/µL, 0.5 ng/µL, 0.25 ng/µL, 0.125 ng/µL, and 0.0625 
ng/µL human DNA samples were prepared by diluting a 2.0 ng/µL purified DNA in TE 
Buffer.  
 For samples amplified with GlobalFiler®, four sets of 5 amplification tubes were 
prepared.  Each set contained 14 µL of either the All Buffer matrix, the S-RB matrix, the 
E-RB matrix, or water (as a control).  One microliter of the 0.0625 ng/µL DNA sample 
was added to one tube of each set.  The same was done for the 0.125 ng/µL, 0.25 ng/µL, 
0.5 ng/µL, and 1.0 ng/µL DNA samples.  A GlobalFiler® master mix was added to each 
tube according to the manufacturer’s instructions.  All samples were then amplified. 
 This process was repeated for samples amplified with Identifiler® Plus, though only 
9 µL of the “All Buffer” matrix, the S-RB matrix, the E-RB matrix, and water could be 
added to the amplification tubes.  An Identifiler® Plus master mix was added to each tube 
according to the manufacturer’s instructions and all samples were amplified. 
 
2.5 Differential Extraction of Mixed Liquid Samples – Increasing Sperm Cell 
Concentration Against Constant Epithelial Cell Concentration Using IdentiFiler® 
Plus 
To retest the complete modified differential extraction procedure using 0.2X 
Orange+ Buffer during the sperm lysis and Identifiler® Plus during the amplification, 
mixed liquid samples were prepared in specific ratios using pre-quantified saliva and 
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semen samples.  The final mass of epithelial cell DNA was kept constant at 100 ng while 
the sperm cell DNA mass ranged from 0.33 ng to 33 ng to create E:S mixture ratios of 
300:1 (100 ng:0.33 ng; ~100 sperm), 30:1 (100 ng:3.3 ng; 1000 sperm), 6:1 (100 ng:16.5 
ng; ~5000 sperm), and 3:1 (100 ng: 33 ng; ~10000 sperm).  Each mixture was prepared in 
duplicate to a final volume of 20 µL in 0.5 mL tubes.  The cell mixtures, along with a 
reagent blank, were then extracted using the modified differential extraction procedure. 
In order to more accurately assess the recovery of the cell mixtures, an epithelial 
cell only and sperm only samples were prepared similarly to the mixtures.  The epithelial 
cell only sample contained the same volume of pre-quantified saliva sample that was added 
to each mixture sample.  Similarly, five sperm only samples were prepared to contain the 
same volumes of the pre-quantified sperm sample that was used for each mixture sample.  
The epithelial cell only sample was extracted using only the epithelial cell lysis stage of 
the differential extraction protocol, while the sperm only samples were extracted using only 
the sperm lysis stage of the protocol.  These controls were prepared and extracted 
concurrently with the mixture samples.  
The experiment was repeated, using E:S DNA ratios of 300:1 (100 ng:0.33 ng; ~100 
sperm), 60:1 (100 ng:1.65ng; ~500 sperm), 30:1 (100 ng:3.3 ng; 1000 sperm), and 6:1 (100 
ng:16.5 ng; ~5000 sperm).  The resulting epithelial cell and sperm cell fractions of all 
mixtures and the controls were quantitated in duplicate, and the recovery of the mixture 
samples was calculated by comparison to the epithelial cell only and sperm cell only 
controls.  The mixture samples were then amplified to a target of 1.0 ng using the 
AmpFℓSTR® Identifiler® Plus PCR Amplification Kit, according to the manufacturer’s 
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instructions.  For samples with quantitation values below 0.01 ng/µL, 10 µL of the sample 
was amplified. 
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3. RESULTS AND DISCUSSION 
3.1 Modification of Reaction Volume in Cell Lysis Stages 
3.1.1 Increased Reaction Volume of Epithelial Cell Lysis Stage 
 The reaction volume of the epithelial cell lysis stage of the previously optimized 
100 µL differential extraction prohibited the extraction of sample sizes greater than 3mm2.  
Increasing the reaction volume to 500 µL allows for the extraction of larger samples, 
including a full swab or a >5mm2 fabric cutting, which may be necessary in forensic testing, 
particularly when the presence of sperm on the sample is known to be sparse or the sample 
is aged.  While only liquid samples are examined in this study, additional research has 
examined the use of these modifications on samples dried on fabric [26].  
 For this experiment, several conditions were examined in order to assess the 
performance of a 500 µL reaction volume.  The 100 µL extraction previously optimized in 
0.2 mL tubes was replicated in Condition 1 (Table 1).  This Condition was used to compare 
the efficiency of any subsequent variations.  As increasing the reaction volume required 
0.5 mL tubes, as well as a different thermal cycler capable of holding 0.5 mL tubes, 
Condition 2 was designed to examine any variability that could result from the Veriti® 
thermal cycler (used for 0.5 mL tubes) as it compared to the SimpliAmpTM thermal cycler 
(used for the 0.2 mL tubes).  Aside from the tube size, Condition 2 was prepared similarly 
to Condition 1, with 100 µL of total reaction volume.  In Condition 3, the total reaction 
volume was increased to 500 µL.  The volume of Blue Buffer was appropriately adjusted 
to maintain a concentration of 1X, meanwhile, the amount of EA1 enzyme in the reaction 
was unchanged.  The remaining volume was achieved with the addition of water.  In order 
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to assess if additional enzyme would result in increased recovery of epithelial cell DNA, 
the amount of enzyme was doubled in Condition 4.  The amount of water was reduced 
slightly in order to keep the total reaction volume at 500 µL.  
 Each condition was examined at 0.25 ng/µL and 1.0 ng/µL of human DNA obtained 
from female saliva (epithelial cells only).  As the reaction volume was increased in 
Condition 3 and 4, this meant the amount of epithelial cells was also increased in order to 
maintain the same DNA concentrations as Condition 1 and 2.  Each sample was prepared 
in duplicate and extracted in duplicate.  Additionally, the experiment was performed twice.  
Following the extractions, all samples were quantitated and the averaged results are 
included in Table 5.  
Table 5. Comparison of DNA Recoveries for Epithelial Cell Lysis Conditions. The estimated recovery 
of human DNA following epithelial cell lysis was calculated for each sample and averaged. 
Condition 
Starting E-cell 
Concentration (ng/µL) 
Starting E-cell 
Amount (ng) 
Estimated Human 
DNA Recovery (%) 
1 
0.25 25 ~100 
1.0 100 ~100 
2 
0.25 25 ~100 
1.0 100 ~100 
3 
0.25 125 86 
1.0 500 ~100 
4 
0.25 125 83 
1.0 500 ~100 
 
   Condition 1 yielded complete recovery of the epithelial cell DNA (~100%) in both 
the 0.25 ng/µL and the 1.0 ng/µL samples.  In comparing the performance of the Veriti® 
thermal cycler (Condition 2) to that of the SimpliAmp® (Condition 1), no difference in the 
recovery of the epithelial cell DNA was noted. This then allows for the comparison of the 
500 µL lysis (Condition 3) to the 100 µL lysis (Condition 1).  While some loss in DNA 
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recovery was noted in the 0.25 ng/µL samples (86%), the loss was considered minor.  The 
1.0 ng/µL samples demonstrated complete recovery in Condition 3.  The results of 
Condition 4 were comparable to that of Condition 3, suggesting the additional enzyme did 
not improve the recovery of the epithelial cell DNA.  
 Overall, increasing the epithelial cell lysis reaction volume to 500 µL resulted in 
reduced recovery of DNA, though this level of loss in recovery was not considered 
significant.  With most sexual assault samples where the victim’s epithelial DNA is 
expected to be present, the quantity of epithelial cells is typically overwhelmingly 
sufficient for downstream testing.  With this consideration in mind, an >80% recovery of 
DNA from the 500 µL epithelial cell lysis stage was deemed adequate.  
 
3.1.2 Reduced Reaction Volume of Sperm Cell Lysis Stage 
 While increasing the reaction volume of the epithelial cell lysis stage allows for the 
accommodation of larger sampling sizes, reducing the sperm cell lysis reaction volume 
allows from more concentrated sperm fractions.  Previous studies performed using the 100 
µL differential extraction demonstrated a need to concentrate the final sperm fraction for 
samples that contained <8.25 ng of starting sperm cell DNA (2500 sperm cells) [17].  In 
an effort to mitigate this additional step, the reaction volume was reduced from 100 µL to 
50 µL. As done in the previous experiment, four conditions were examined to assess the 
ability of the modified sperm lysis reaction volume.  
 Condition 1 reactions were prepared as described in the sperm lysis stage of the 100 
µL differential extraction (See Table 2).  Condition 2 was prepared similarly, but in a 0.5 
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mL tube instead of a 0.2 mL.  Though 0.2 mL tubes would have been sufficient for the 50 
µL reaction, the modified sperm lysis reaction was intended to be combined with the 
modified epithelial cell lysis for simplicity in the following studies.  As this is a one-tube 
direct lysis differential extraction, the same tube is used for both the epithelial cell lysis 
and the sperm cell lysis.  Comparison of Condition 1 and 2 results would be used to ensure 
that the Veriti® thermal cycler performs as well as the SimpliAmp® thermal cycler.  In 
Condition 3, the Orange+ Buffer volume was reduced to maintain a concentration of 1X in 
a total volume of 50 µL, and the amount of Acrosolv and EA1 enzymes used was kept the 
same.  The volume of water was also adjusted to allow the final reaction volume (including 
the sample) to be 50 µL.  In order to see if less of the enzymes could be used in the reduced 
reaction volume, the volume of Acrosolv and EA1 added was halved in Condition 4.  
Each condition was examined at 0.10 ng/µL and 0.40 ng/µL of human DNA 
obtained from semen.  Again, this meant fewer sperm cells were added to Condition 3 and 
4 samples than to Condition 1 and 2 samples due the reaction volume reduction.  Each 
sample was prepared in duplicate and extracted in duplicate.  Additionally, the experiment 
was performed twice.  Following the extractions, all samples were quantitated and the 
averaged human DNA results are included in Table 6. 
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Table 6. Comparison of DNA Recoveries for Sperm Cell Lysis Conditions. The estimated recovery of 
human DNA following sperm cell lysis was calculated for each sample and averaged. 
Condition 
Starting sperm cell 
Concentration (ng/µL) 
Starting sperm cell 
Amount (ng) 
Estimated Human 
DNA Recovery (%) 
1 
0.10 10 ~100 
0.40 40 ~100 
2 
0.10 10 ~100 
0.40 40 ~100 
3 
0.10 5 ~100 
0.40 20 ~100 
4 
0.10 5 ~100 
0.40 20 ~100 
 
Approximately 100% of the DNA was recovered in the Condition 1 samples of both 
the 0.10 ng/µL and the 0.40 ng/µL DNA concentrations.  The same was observed in 
Condition 2, 3 and 4 samples.  These results suggest that the 0.5mL tube thermal cycler 
performed as well as the 0.2 mL thermal cycler, that reducing the reaction volume of the 
sperm lysis stage did not reduce the recovery of DNA, nor did the use of fewer enzymes.  
From these results it was concluded that Condition 4 would allow less waste of enzymes 
while maintaining high recovery of DNA in the extraction and increasing the concentration 
of the final sperm fraction.   
 
3.2 Increasing Epithelial Cell Concentration Against Constant Sperm Cell 
Concentration Using GlobalFiler® 
A modified 500/50 µL differential extraction procedure was developed by 
substituting the cell lysis stages of the 100 µL differential extraction protocol for the 
reaction mixes from Condition 3 of the epithelial cell lysis study and Condition 4 of the 
sperm cell lysis studies.  To test the ability of the modified differential extraction to 
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effectively prevent female DNA carryover in the sperm fraction, mixed liquid sample 
containing E:S DNA ratios of 1:1 (20 ng:20 ng), 5:1 (100 ng: 20 ng), and 20:1 (400 ng: 20 
ng) were prepared.  The prepared samples were extracted using the modified 500/50 µL 
differential extraction protocol (Table 3) and the 100 µL differential extraction protocol, 
for comparison.  A summary of the quantitation results is provided in Table 7.  
Table 7. Male DNA Recovery Comparison of Mixed Samples.  The averaged estimated recovery of male 
DNA in the sperm fractions of mixed samples extracted from the 100 µL and 500/50 µL methods is presented 
below. 
Mixture 
Ratio 
Starting E-cell 
Amount (ng) 
Starting Semen 
Amount (ng) 
Estimated Male DNA Recovery (%) 
100 µL Method 500/50 µL Method 
1:1 20 20 64 52 
5:1 100 20 57 51 
20:1 400 20 59 52 
 
The male recovery observed in the 100 µL differential extraction is lower than 
previously reported [17], in which approximately 100% of the sperm DNA was recovered.  
However, the 500/50 µL differential extraction generated very similar results to that of the 
100 µL procedure, averaging a loss of only 8% male DNA recovery when compared to the 
other unmodified method.  Additionally, the sperm fractions extracted using the 500/50 µL 
method demonstrated a higher concentration of DNA post-extraction, as expected.  The 
modified method had approximately 2× the concentration of human DNA and 
approximately 1¾× the concentration of male DNA when compared to the 100 µL method 
samples.  
The epithelial cell only and sperm cell only samples prepared during this 
experiment were extracted using the complete differential extraction, and could therefore 
not be used to identify if the loss in DNA recovery was from the differential process or due 
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to another factor, such as inaccurately identifying the DNA concentration of the stock 
semen, or a change in the concentration following the quantitation of the stock.  For 
similarly modeled future experiments, additional controls will be added in order to examine 
any such disparity.  
Each extraction duplicate of the epithelial and sperm fractions of the mixed samples 
for both the extraction methods were amplified to a target of 1.0 ng using a GlobalFiler® 
PCR Amplification Kit. For samples with quantitation values below 0.067 ng/µL, 15 µL 
of the sample was amplified.  Following capillary electrophoresis, profiles were reviewed 
using GeneMapper software.   No peaks appeared above the analytical threshold for all the 
male fractions extracted with the 100 µL method, and only partial profiles were obtained 
from the male fraction of the 500/50 µL method samples.  These partial profiles 
demonstrated strong peaks for amplicons that were less than 100-160 bps, with peaks 
quickly declining until complete dropout occurred for amplicons greater than 200 bps 
(Figure 3).  According to the quantitation results, the majority of the sperm fraction samples 
should have had sufficient DNA to obtain complete profiles. Similar expectations and 
results were observed in the sperm only sample.  Meanwhile, full profiles were obtained 
for the female fraction samples of both extraction methods.   
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Figure 3. Inhibited Sperm Fraction Electropherograms. The obtained profiles of the sperm fractions of 
the 20:1 E:S mixtures extracted with the 100 µL (top) and 500/50 µL (bottom) methods are shown above.  
 
When considered together, the sperm fraction amplification results show the 
characteristics of samples that have undergone severe degradation or inhibition.  There are 
many potential reasons for this deleterious effect.  The stock sperm sample, or any of the 
dilutions prepared from it, may have been degraded.  One of the enzymes used following 
the epithelial cell lysis may have degraded the sperm.  Additionally, if an enzyme failed to 
be digested or inactivated at the conclusion of the extraction, the enzyme may have had an 
inhibitory effect on the sample during amplification.  Finally, the buffers utilized in the 
extraction may also have an inhibitory effect on the amplification.  Before continuing to 
examine the modified method, further testing of the individual components of the 
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extraction were required in order to better characterize and identify the source of the poor 
quality profiles.  
 
3.3 Degradation and Inhibition Characterization 
3.3.1 Sperm Integrity 
 Aliquots of a single semen sample from an anonymous donor were prepared at the 
beginning of this study.  The aliquots, as well as the original semen sample, were not tested 
prior to the experiments in order to ensure sample sperm integrity.  The poor 
electropherograms observed in the sperm fractions may be attributable to a degraded sperm 
sample.  Therefore, 10 µL of the 1:100 and 1:10 diluted aliquots used to prepare the mixed 
sample in the previous experiment were extracted using the 100 µL sperm lysis protocol.  
Additionally, a freshly prepared 1:100 dilution of the original semen sample, as well as a 
1:100 dilution of semen from a different donor, were extracted as well.  Samples were 
quantitated in duplicate and amplified to a 0.75 ng target.  
 All extracts contained >1.0 ng/µL and all produced profiles were complete and 
single-source.  The volumes of extract amplified ranged from 2.55 µL to 5.23 µL. No 
obvious indication of degradation or inhibition was noted in any of the samples (Figure 4).  
These results suggest that the sperm samples were not degraded prior to the extraction and 
that the degradation or inhibition observed previously is likely from a different cause.   
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Figure 4. Combined Peak Heights of Semen Samples Among All Loci. 
3.3.2 Nuclease Degradation or Protease Inhibition 
 Another potential cause of the lackluster profiles observed in the sperm fractions of 
the mixed samples includes the degradation of sperm during the digestion of the residual 
epithelial cell DNA with Benzonase®.  A comprehensive study previously conducted at 
Boston University School of Medicine examined the effects of incomplete digestion of 
Benzonase® during the 100 µL differential extraction.  While Benzonase® did demonstrate 
the ability to degrade sperm when the enzyme remained active into the sperm lysis stage, 
the researcher further optimized the protocol to avoid this potential source of degradation.  
That same optimized procedure was used during the mixed sample experiment and was 
therefore not expected to cause the degradation observed during this study.  As a result, 
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effort was directed towards examining other possible sources of sperm degradation or 
inhibition. 
It was also concluded that the EA1 enzyme could not have caused the degradation 
or inhibition observed in the sperm fractions of the mixed samples, as the same enzyme 
was utilized in the epithelial cell fractions and resulted in high quality profiles.  However, 
if the EA1 does not properly digest the Acrosolv during the sperm lysis stage, the surviving 
protease may degrade the DNA polymerase during the amplification, preventing the 
extension stage of PCR [7].  To assess if the Acrosolv enzyme was properly digested or 
otherwise inactivated during the 95°C heat step at the conclusion of the extraction 
procedure, the length of time for the EA1 enzyme activity was examined at both 3 minutes 
(as per the original procedure) and 5 minutes (elongated).  These time intervals were 
performed using reactions containing both Acrosolv and EA1 (Sets 1 & 2 in Table 4) as 
well as reactions containing only EA1 (Sets 4 & 5 in Table 4), in order to further 
characterize the role of Acrosolv in any potential inhibition.  Finally, to test if the Acrosolv 
enzyme may degrade the sperm if left active for too long, an additional extraction was 
performed in which the length of Acrosolv activity was further increased from 5 minutes 
to 10 minutes (Set 3 in Table 4).  A set of reagent blanks prepared using the Acrosolv + 
EA1 and the EA1-only reaction mixes were extracted similarly to Sets 1 & 4, then spiked 
following the extraction with 6 ng of purified DNA. 
These reactions were performed using the modified 50 µL sperm lysis protocol.  
Instead of sperm samples, the reaction mixed were spiked with 3 ng and 6 ng of purified 
DNA.  The use of purified DNA instead of cells would allow the expected results of the 
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EA1-only reactions to be comparable to those of the Acrosolv + EA1 reactions – making 
the amount of DNA in the extract independent of the ability of Acrosolv to lyse the cell.  
All extracts were amplified to a target of 0.75 ng, calculated based on the amount of DNA 
added prior to extraction.  
In examining the profiles, the samples spiked with 3 ng of DNA demonstrated a 
similar degradation/inhibition pattern to the male fractions extracted with the 500/50 µL 
method during the mixed samples experiment.  Only partial profiles were obtained with 
complete dropout occurring for amplicons with lengths greater than 160-170 bps.  The 
degradation/inhibition appeared most severe in reactions with the original Acrosolv and 
EA1 activity times of 5 minutes and 3 minutes, respectively (Sets 1 & 4).  Meanwhile, the 
Acrosolv + EA1 reaction with extended EA1 activity (Set 2) demonstrated, comparatively, 
the least severe degradation pattern.  The Acrosolv + EA1 reaction with extended Acrosolv 
activity (Set 3) and the EA1-only reaction with extended EA1 activity (Set 5), were 
comparable with slightly more severe degradation/inhibition patterns than Set 2.  
In the samples spiked with 6 ng of DNA, complete or nearly complete profiles were 
detected.  While much less severe than the samples spiked with 3 ng of DNA, the 
characteristic ski-slope pattern attributed to degradation/inhibition was clearly observed 
(Figure 5).  Similar to the 3 ng samples, the Acrosolv + EA1 reaction with extended EA1 
activity (Set 2) demonstrated the least severe degradation/inhibition pattern.  However, 
electropherograms of Sets 1, 4, and 5 were quite comparable to one another.  Also in 
contrast to the 3 ng electropherograms, the Acrosolv + EA1 reaction with extended 
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Acrosolv activity (Set 3) showed the greatest severity of degradation/inhibition, with 
dropout occurring at the SE33 locus.  
Finally, the Acrosolv + EA1 reagent blank spiked with 6 ng of DNA post-extraction 
had a very similar results to that of the EA1-only reagent blank also spiked with 6 ng of 
DNA post-extraction.  Both electropherograms demonstrated similar characteristics to 
those of the Set 1, 4, and 5 samples spiked with 6 ng of DNA pre-extraction, though with 
slightly more severe inhibition/degradation.  
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Figure 5. Effect of Increased Enzyme Activity on Profile Quality. The green dye channel of the profiles 
of the 6 ng samples from Sets 1-5, as well as the reagent blanks and positive donor control, are depicted.  
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Figure 5. Effect of Increased Enzyme Activity on Profile Quality. The green dye channel of the profiles 
of the 6 ng samples from Sets 1-5, as well as the reagent blanks and positive donor control, are depicted.  
 
These ski-slope patterns and allelic drop-out were not observed in the positive 
donor control, which had a high quality profile.  Though the extension of the length of EA1 
activity in Acrosolv + EA1 reactions resulted in less degradation/inhibition, the effect was 
far from dramatically improved when compared to the other electropherograms.  Much 
more significantly, due to the pattern similarities between the EA1-only samples and the 
Acrosolv + EA1 samples, the loss in profile quality could not be attributed to degradation 
or inhibition from Acrosolv activity.  The spiked reagent blank samples, in which the DNA 
was added after the enzyme activity was ceased, further demonstrate this.  Instead these 
results suggest that the drop-out and ski-slope patterns observed in these profiles is 
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primarily the result of inhibition by the Orange+ Buffer used during the sperm lysis.  
Furthermore, the variation observed in the profiles of this experiment could be the result 
of stochastic effects during amplification and the minor random error in pipetting.  
  
3.3.3 Buffer Inhibition 
 Through the previous experiments, the integrity of the sperm and the 
activity/presence of the sperm lysis enzymes have been excluded as potential causes of the 
diminished amplification results observed in the sperm fraction of the mixed samples.  
Additionally, the degradation/inhibition pattern was observed in samples that only 
underwent the sperm lysis, isolating the primary cause to this stage of the differential 
extraction.  The final component of the reaction not yet examined for its effect in the 
amplification is the Orange+ Buffer.  
 
3.3.3.1 Decreasing Volume of 1X Orange+ Buffer 
 A review of the previous amplification preparation records of the previous 
experiments revealed that greater inhibition was observed when larger volumes of the 
extract were added to the amplification reaction.  When samples were diluted prior to 
amplification, or fewer than 3-4 µL of the extract were added, minimal inhibition was 
observed.  In order to further examine the effect that the volume of Orange+ Buffer had 
during amplification, an experiment was designed where various volumes of 1X Orange+ 
Buffer were amplified with the same amount of DNA using GlobalFiler®.  Three volumes 
(14 µL, 10 µL, and 5 µL) of 1X Orange+ Buffer were added to amplification tubes 
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containing 1 µL of 1 ng/µL DNA. In an effort ensure the inhibitory effect observed in the 
Orange+ Buffer was not lot-specific, a different lot of the buffer was used for this 
experiment.  A positive donor control was also prepared without any Orange+ Buffer.  
 The electropherograms generated from this experiments clearly demonstrate a 
gradual loss in profile quality that correlates to the incremental increases in Orange+ Buffer 
volumes (Figure 6).  The sample prepared with 14 µL of 1X Orange+ Buffer suffered 
severe inhibition, with complete allele drop-out occurring for amplicons > 135 bps.  When 
9 µL of the buffer were added, some recovery of the lost alleles was observed, though the 
peak heights remained very low for amplicons > 200-250 bps.  All alleles were observed 
in the sample containing 5 µL of buffer, though the peak heights continued to demonstrate 
the ski-slope pattern.  The loss of peak height is evident when compared to the positive 
donor control, a complete, high-quality profile.  
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Figure 6.  Profile Recovery with Decreasing Volumes of Orange+ Buffer. The volume of Orange+ 
Buffer incrementally decreases from 14 µL (top) to 0 µL (bottom) in samples containing 1 ng of DNA. 
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 The inhibition patterns of these profiles are consistent with those seen in the sperm 
fractions of the mixed sample electropherograms.  This suggests that the inhibitory effect 
of the Orange+ Buffer is not lot-specific.  These results also suggest that reducing the 
volume of extract added to the amplification may result in recovery of allelic drop-out and 
some restoration of diminished peak heights.  
 
3.3.3.2 Re-amplification of Sperm Fractions from the Differential Extraction of Mixed 
Liquid Samples Using GlobalFiler® 
 To confirm the conclusions of the previous experiment, the sperm fractions of the 
mixed samples were re-amplified using only 3 µL of extract.  This volume was selected 
because previous experiments indicated that minimal inhibition would be observed when 
fewer than 3-4 µL of the extract were added.  
 The profiles obtained from these samples did show improved quality when 
compared to the profiles of the original amplification (Figure 7).  Partial profiles were 
obtained from the samples extracted with the 100 µL method, where no peaks were 
observed previously.  However, inhibition was still observed with some drop-out of male 
alleles occurring at the SE33 locus (~300-430 bps).  Complete recovery of all male donor 
alleles was observed in the samples extracted with the modified 500/50 µL method, though 
the inhibition was still apparent.  While this is certainly an improvement in the quality of 
the partial profiles obtained from the original amplification, the overall quality of these 
electropherograms is still lacking.    
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Figure 7. Comparison of Re-amplified Sperm Fraction Profiles to the Original. The 20:1 E:S mixed 
samples from the 100 µL and 500/50 µL extraction methods are depicted. The original amplification targeted 
1 ng of extract DNA.  The re-amplified samples contained a maximum of 3 µL of extract.  
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3.3.3.3 Comparison between Reduced Buffer Concentration and Post-Extraction Reaction 
Cleanup with QIAGEN MinElute® Reaction Cleanup Kit on the Recovery of Profile Quality 
 Though reducing the volume of extract amplified to 3 µL did provide complete 
profiles in the modified method, inhibition persisted as an issue in all samples, nearly 
leading to drop-out at some loci.  Additionally, low yield DNA samples are encountered 
often in forensic case work, and require the ability to amplify all 15 µL of the sample 
extract in order to obtain a full profile.  Therefore, additional experiments were designed 
in hopes to resolve the inhibition caused by the 1X Orange+ Buffer.  Reducing the 
concentration of the buffer used in the extraction may minimize the inhibition in samples 
amplified with 15 µL of extract, though this reduced concentration must not interfere with 
efficiency of the extraction.  Another possible resolution would be to remove the buffer 
through a cleanup step following the extraction.  This, however, may also result in a loss 
of DNA recovery.  
 To examine both possibilities, 1:500 and 1:100 dilutions of stock semen were 
extracted using a sperm lysis reaction mixes containing either 1X Orange+ Buffer 
(prepared in duplicate; labeled Sets 1 & 2) or 0.5X Orange+ Buffer (not prepared in 
duplicate; labeled Set 3).  Following the extraction, the 1:500 dilution samples from Sets 1 
& 2 were combined, mixed, then re-divided into two separate samples.  The same was done 
to the 1:1000 dilution duplicates.  One duplicate of each dilution (Set 1 samples) and Set 3 
samples were stored at 4°C refrigerator while a reaction cleanup was performed on the 
remaining duplicates (Set 2 samples) using the QIAGEN MinElute® Reaction Cleanup Kit 
according to the manufacturer’s instructions.  Post-cleanup, Set 2 samples were brought to 
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a final volume of 50 µL to match that of samples from Sets 1 & 3.  All samples were then 
quantitated.  
 Sample Sets 1 & 2 were mixed thoroughly prior to the reaction cleanup to make the 
starting samples identical, allowing for the most direct comparison with regard to the 
quantitation results.  Any loss in DNA recovery between Sets 1 & 2 can be attributed to 
the additional cleanup step performed on Step 2.  The concentration of the extracts 
determined through quantitation is depicted in Figure 8.  Set 2 samples lost 39-57% of the 
DNA extracted as a result of the reaction cleanup.  Meanwhile, Set 3 samples, extracted 
with lysis reactions containing 0.5X Orange+ Buffer seemingly had an improved recovery 
of ~21-28% of DNA when compared to the Set 1 samples.  
  
Figure 8. Effects of Orange+ Buffer Conditions on Extraction Efficiency.  The concentration of DNA 
extracted from 1:1000 and 1:500 semen dilutions was compared for samples extracted using 1X Orange+ 
Buffer without Cleanup (Set 1), 1X Orange+ Buffer with Cleanup (Set 2), and 0.5X Orange+ Buffer without 
Cleanup (Set 3) 
 
 Following quantitation, all extracts were amplified to a target of 0.75 ng.  Using the 
extract volumes required for the amplification, and the concentrations of the buffer in the 
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extracts, the concentrations of the Orange+ Buffer in the amplification samples of Sets 1 
& 3, prior to the addition of the GlobalFiler® master mix, were calculated.  No Orange+ 
Buffer was expected in Set 2 samples following the reaction cleanup.  As the amount of 
DNA extracted from the 1:500 dilutions in Sets 1 & 3 were different, the concentrations of 
Orange+ Buffer in the amplification samples were 0.11X and 0.04X, respectively.  The 
resulting electropherograms appeared very similar to one another; both were complete 
profiles with little-to-no signs of inhibition.  The electropherogram of Set 2, expected to 
contain no Orange+ Buffer, had very similar results to those of the other two Sets.  
 The 1:1000 dilution samples from Sets 1 & 3 had 0.23X and 0.10X Orange+ Buffer 
concentrations, respectively.  The Set 1 electropherogram did demonstrate some inhibition, 
most notably in the SE33 locus (data not shown).  This inhibition was nearly unobservable 
in the Set 3 electropherogram, in which the sample was extracted with 0.5X Orange+ 
Buffer.  Furthermore, the Set 3 electropherogram was very similar to that of Set 2.  This 
suggests that reducing the concentration of the Orange+ Buffer may have very similar 
results to putting the extract though a reaction cleanup step.  As the reaction cleanup step 
adds additional processing time and a considerable loss in DNA yield, reducing the 
Orange+ Buffer concentration was the selected option for further optimization of the 
extraction.  
 
3.3.3.4 Decreasing Concentration and Volume of Orange Buffer (0.5X vs 0.2X) 
 Samples containing 1:100 and 1:1000 dilutions of semen were extracted using 
sperm lysis reaction mixes containing 0.5X and 0.2X Orange+ Buffer.  Duplicate 
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quantitation results of these extracts were averaged and used to demonstrate whether the 
0.2X Orange+ Buffer reaction mix negatively impacted the yield DNA by comparison to 
the 0.5X Orange+ Buffer samples.  From the results, it was found that the extracts from 
both the 0.5X and 0.2X buffer extractions had very similar concentrations of human DNA, 
yielding 2.192 ng/µL and 2.017 ng/µL, respectively for the 1:100 dilution samples, and 
0.2078 ng/µL and 0.2017 ng/µL, respectively for the 1:1000 dilution samples.  This data 
suggests that the reduced Orange+ Buffer concentration of 0.2X did not negatively impact 
the ability of the enzymes to lyse the sperm cells.  
 As the concentrations of the 1:1000 dilution extracts were already ~0.2 ng/µL and 
further dilution in the appropriate concentration of Orange+ Buffer was not required, they 
were selected for amplification.  Three amplifications of the two extracts were prepared by 
adding 5 µL of the extract to tubes containing either 10 µL of the matching concentration 
of Orange+ Buffer, 5 µL of the buffer, or 0 µL of the buffer.  The volume of each tube was 
brought to 15 µL using water and the concentration of Orange+ Buffer in each tube was 
calculated.  Performing the amplification in this manner allowed us to examine various 
concentration levels of the buffer in order to identify when inhibition is observed.  After 
10 µL of the GlobalFiler® master mix was added to each tube, the samples were amplified.  
 The red dye channel of the resulting electropherograms, along with the 
concentration of Orange+ Buffer they were amplified with, is depicted in Figure 9.  As 
expected, the severity of inhibition appears to reduce as the concentration of buffer reduces.  
The first full profile is observed at an Orange+ Buffer concentration of 0.2X, though some 
inhibition still appears to affect the larger amplicons.  The effects of the inhibition seem to 
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wane nearly entirely in the electropherograms amplified with 0.13X and 0.07X Orange+ 
Buffer.  Though some inhibition is still observed in the 0.2X Orange+ Buffer samples, it 
greatly increases the likelihood of obtaining a complete profile should a full 15 µL of the 
extract be required.  
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Figure 9. Profile Recovery with Decreasing Concentration of Orange+ Buffer.  Varying volumes of 
either 0.2X or 0.5X Orange+ Buffer were added to obtain concentrations of Orange+ Buffer between 0.5X 
(top) to 0.07X (bottom) in samples containing 1 ng of extract DNA. 
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3.3.3.5 DNA Dilution Series in 0.2X Orange Buffer – Comparison of GlobalFiler® and 
IndentifilerTM Plus Amplifications 
 Before continuing to reduce the concentration of the Orange+ Buffer in hopes to 
achieve profiles free of inhibition, an additional experiment was performed to assess the 
extent to which 0.2X Orange+ Buffer may inhibit samples containing a range of DNA 
targets.  Five DNA targets (0.0625 ng, 0.125 ng, 0.25 ng, 0.5 ng, and 1.0 ng) were prepared 
in 14 µL of four different matrices (water, epithelial cell fraction of the 500/50 µL 
differential extraction reagent blank; E-RB matrix, sperm cell fraction of the differential 
extraction reagent blank; S-RB matrix, and “All Buffer” matrix) and amplified with 
GlobalFiler®.  An Orange+ Buffer concentration of 0.2X was used in the preparation of all 
matrices containing Orange+ Buffer.  The other buffer concentrations present in each 
matrix is provided in Appendix Table A.  Additionally, the same DNA targets were 
prepared in 9 µL of the above matrices for amplification with Identifiler® Plus.  
 Four matrices were used in this experiment to demonstrate that the observed 
inhibition was primarily due to the Orange+ Buffer and not additional enzymes or buffers 
used throughout the differential extraction.  The E-RB matrix contained only the EA1 
enzyme Blue Buffer.  The S-RB matrix contained, at some point, EA1, Benzonase®, and 
Acrosolv enzymes and Blue Buffer, Benzonase®, and Orange+ Buffer.  Meanwhile, the 
“All Buffer” matrix contained the expected final concentrations of all buffers used 
throughout the differential extraction, but no enzymes.  The water amplification samples 
were used as controls.  
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 In examining the samples amplified with GlobalFiler®, comparisons between the 
target amplifications in water and those in the E-RB matrix showed slightly better profiles 
in the E-RB samples. Both sample sets obtained complete profiles at each DNA target, 
with no signs of inhibition.  The same could not be said about the “All Buffer” and S-RB 
samples.  Severe inhibition was observed for all targets in both matrices.  No peaks were 
observed for amplicons larger than 140 bps in the S-RB samples and 155 bps in the “All 
Buffer” samples.  Furthermore, no peaks were observed above the 30 RFU analytical 
threshold in the blue dye channel of any target of the two matrices.  
More severe inhibition was observed in the S-RB and the “All Buffer” samples than 
in the previous experiment examining Orange+ Buffer inhibition, suggesting another 
component of the reaction matrices may also be contributing to inhibition in the 
GlobalFiler® amplification.  Blue Buffer can be excluded as a potential source, as its 
presence in the epithelial cell fraction samples did not demonstrate inhibition.  And as no 
enzyme were used in the “All Buffer” samples, the only remaining component would be 
the Benzonase® buffer.  
GlobalFiler® amplification has been demonstrated to be more susceptible to certain 
types of inhibitors than other amplification kits.  The work by Lin et al. examined the 
effects of humic acid, tannic acid, and collagen on three expanded-loci amplification kit, 
GlobalFiler®, the PowerPlex® Fusion 6C System (Promega, Madison, WI), and the 
Investigator® 24plex QS Kit (QIAGEN, Hilden, Germany), along with the 16 loci 
Identifiler® Plus amplification kit [27].  They found that among the expanded-loci kits, 
GlobalFiler® appeared the most susceptible to the inhibitors.  Furthermore, GlobalFiler® 
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and Identifiler® Plus did not respond the same to each inhibitor; while GlobalFiler® was 
more tolerant to collagen, Identifiler® Plus demonstrated a higher tolerance to tannic acid. 
Elwick et al. compared the tolerance of GlobalFiler® and Investigator® 24Plex QS 
amplification kits to humic acid, melanin, hematin, collagen, and calcium, and similarly 
found GlobalFiler® to be less tolerant to the inhibitors, calcium in particular [28].  The 
presence of metal ions, such as calcium, may be the cause of the inhibition observed here.  
However, the composition of the Orange+ Buffer is proprietary and unknown to the author; 
therefore, this attribution is speculative.   
With this information in mind, this experiment was also performed using an 
Identifiler® Plus amplification kit.  Past studies performed at Boston University School of 
Medicine to optimize this direct-lysis differential extraction, in which Identifiler® Plus was 
utilized in order to amplify extracts, did not demonstrate the inhibition observed here.  Due 
to this kit change, only 9 µL of the four matrices could be added to the amplification tube.  
 In all samples amplified with the Identifiler® Plus kit, complete profiles were 
observed.  The electropherograms of each target of the water and E-RB samples appeared 
very similar, with no consistent inhibition patterns observed (Figure 10).  Meanwhile, the 
S-RB and “All Buffer” samples demonstrated lower average peak heights overall, and 
patterns of some inhibition.  The S-RB results were slightly better than that of the “All 
Buffer” results at most targets, which may be the result of some interaction between the 
enzymes and components of the buffer.  Despite the reduced quality of the 
electropherograms in the S-RB samples, complete profiles were obtained down to targets 
of 0.06 ng.  Though less sample is able to be amplified with the Identifiler® Plus kit, it is 
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remarkably preferable to the results obtained through GlobalFiler® amplification regarding 
its sensitivity and quality.  
 
Figure 10. Matrix Inhibition of Various DNA Targets. The combined peak height (RFU) at each locus for 
all four matrices is depicted above for DNA targets of 0.5 ng, 0.25 ng, 0.125 ng, and 0.0625 ng.  Note that 
the y-axis scale varies for each target. (not depicted – 1.0 ng target) 
 
3.4 Differential Extraction of Mixed Liquid Samples – Increasing Sperm Cell 
Concentration Against Constant Epithelial Cell Concentration Using IdentiFiler® 
Plus 
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 Continuing forward with the evaluation of the 500/50 µL modified differential 
extraction using 0.2X Orange+ Buffer in the sperm lysis stage and Identifiler® Plus for 
amplification, mixed samples containing increasing amounts of sperm cells and a constant 
amount of epithelial cells were prepared. Liquid sample with epithelial cell:sperm cell 
DNA ratios of 300:1 (100 ng:0.33 ng; ~100 sperm), 30:1 (100 ng:3.3 ng; ~1000 sperm), 
6:1 (100 ng:16.5 ng; ~5000 sperm), and 3:1 (100 ng: 33 ng; ~10000 sperm) were extracted 
concurrently with epithelial cell only and sperm only controls containing the same amounts 
of either epithelial cell DNA or sperm cell DNA as the mixtures.  The experiment was 
repeated using epithelial cell:sperm cell DNA ratios of 300:1 (100 ng:0.33 ng; ~100 
sperm), 60:1 (100 ng:1.65ng; ~500 sperm), 30:1 (100 ng:3.3 ng; ~1000 sperm), and 6:1 
(100 ng:16.5 ng; ~5000 sperm).  All samples were prepared in duplicate and all extracts 
were quantitated in duplicate.  The quantitation results were averaged and the recovery of 
DNA was determined for the mixtures by comparison to the amount of DNA observed in 
the controls.  The recovery of human DNA in the epithelial cell fraction and male DNA in 
the sperm cell fractions of the mixtures are presented in Table 8.  
 Approximately 55-100% of the 100 ng of epithelial cell DNA were recovered, 
which provided sufficient DNA for high-quality amplification with Identifiler® Plus.  
Table 8. Recovery of Epithelial Cell DNA and Sperm Cell DNA from their Respective Fractions. 
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0.0 ~100.0 90.7 74.4 94.3 
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However, the primary goal of this extraction is to enhance the recovery of male DNA in 
the sperm fraction with reduced female DNA carryover.  Here, the mixed samples 
containing ≥1.65 ng of sperm cell DNA (60:1 E:S mixture), demonstrated a high recovery 
of 74-100%.  The first differential extraction 300:1 E:S mixture resulted in quantitation 
values that were too high to be accurate and was likely an experimental error.  This result, 
along with the associated epithelial cell fraction, were excluded from the calculated 
recoveries reported in Table 8.  Therefore, the values for the 300:1 E:S mixture reflects 
that of only the second extraction, for which no male DNA was detectable.  
Extracts were amplified to a target of 1 ng using an Identifiler® Plus amplification 
kit.  For samples with less than 0.01 ng of human DNA, 10 µL of the sample was amplified.  
Complete profiles of the female donor were observed for all epithelial cell fractions.  Male 
DNA carryover in the epithelial cell fractions were limited to ≤ 3 alleles per profile, all 
with peak heights less than 26% of the female donor alleles.  
For the sperm fractions, no alleles appeared over the analytical threshold for the 
300:1 E:S mixtures (originally containing ~100 sperm), which was consistent with the 
quantitation results.  However, examination of the peaks below the analytical threshold 
suggest concentration of the DNA in the sperm fraction may result in a partial low quality 
profile.  Partial profiles were observed in all 60:1 E:S mixtures (originally containing ~500 
sperm) and half of the 30:1 E:S mixtures (originally containing ~1000 sperm), presenting 
interpretable and complete alleles at 14/16 loci.  For the remaining 30:1, 6:1, and 3:1 E:S 
mixtures (~1000 sperm, ~5000 sperm, and ~10000 sperm, respectively), complete profiles 
of the male donor were observed.  Female DNA carryover in the sperm cell fractions was 
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limited to ≤ 2 alleles per profile, out of the possible 15 unshared alleles (Appendix Table 
B).  The peak heights of these female alleles were the most pronounced in the 60:1 E:S 
mixture sperm fractions, in which the carryover peak heights were 69% and 42% of the 
shortest male peak.  The remaining mixture ratios demonstrated carryover no greater than 
35% of the male peaks, with a decreasing trend as the E:S ratio reduced (Figure 11).  As 
the E:S ratio reduced, the female carryover became easily distinguishable from the male 
peaks (Figure 12).  
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Figure 11. Female Carryover in Sperm Fraction Electropherograms for Representative Mixture 
Ratios.  The greatest female carryover (boxed in red) observed in the yellow dye channel of the sperm 
fractions of each mixture ratio is depicted above. Note that the y-axis scale varies for each mixture. (not 
depicted – 300:1 mixture ratio) 
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Figure 12. Female Carryover in Sperm Fractions Across Mixture Ratios.  The peak heights of male 
alleles and female carryover for all loci of each mixture ratio is depicted above. 
  
63 
4. CONCLUSIONS 
 Slight modifications to the 100 µL temperature controlled differential extraction 
method resulted in a similarly efficient method with a high male DNA yield (74-100%) 
and minimal female carryover among varying ratios of epithelial cells to sperm cells.  This 
sensitive technique provided nearly complete profiles (14/16 loci) of the male contributor 
in mixed samples containing ~15,200 female epithelial cells and ~500 sperm, with 
complete profiles observed in mixed samples containing ~1000 sperm.  This modified 
extraction protocol better accommodates sample sizes that may be encountered in forensic 
casework testing while providing a more concentrated sperm fraction, possibly eliminating 
the need for an additional concentration step in some dilute samples.  The ease of 
implementation and the rapid processing time of 2-3 hours make it a great candidate for 
use in forensic DNA laboratories and may help alleviate backlogs of sexual assault kits.   
 However, further work is needed to alter the composition of the sperm lysis buffer 
to make it compatible with currently used amplification kits.  Until such time, caution must 
be taken in the kit selection used for amplification of extracts produced with this method.  
This study also demonstrated a sensitivity of the GlobalFiler® PCR Amplification Kit to 
inhibition by the buffers used in this extraction protocol, particularly the Orange+ Buffer.  
This inhibition has dramatic effects on the profile quality of the amplified sperm fractions, 
with extensive allelic drop-out observed even when the Orange+ Buffer concentration was 
scaled from 1.0X to 0.2X.  Amplification using the AmpFℓSTR® Identifiler® Plus PCR 
Amplification Kit showed considerable recovery in the profile quality.  Other expanded-
loci STR amplification kits may also demonstrate resistance to this inhibition.  
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4.1 Future Research 
Additional research can be dedicated to further demonstrate the ability of this 
differential extraction protocol in removing female carryover in samples with greater 
amounts of epithelial cell DNA.  Repeating the first mixed sample experiment of this study, 
using a constant amount of sperm DNA and increasing amounts of epithelial cell DNA, but 
with 0.2X Orange+ Buffer in the sperm lysis and Identifiler® Plus for amplification.   
Additional characterization of the observed inhibition by the buffers of this 
extraction should be studied on amplifications with the GlobalFiler® Amplification Kit, as 
well as other expanded-loci STR amplification kits, such as the PowerPlex® Fusion 6C 
System or the Investigator® 24plex QS Kit.  Examining the possible role of the Benzonase® 
buffer in this inhibition should also be considered.  Alternatively, a substitution of the 
Orange+ Buffer for another MicroGEM buffer product, such as the Blue or Red+ Buffers, 
may improve the profile quality of GlobalFiler® amplified samples.  
 Finally, the design of this direct-lysis temperature controlled differential extraction 
makes it amenable to automation.  Extraction robots should be capable of completing most, 
if not all, operations of this extraction protocol.  Improved DNA recovery and separation 
of the fractions may be observed with an automated process, and the labor cost for the 
analysts may be nearly eliminated.  
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APPENDIX A:  Supplementary Tables  
Table A. Buffer Concentrations within Four Matrices. The concentration of Blue Buffer, Benzonase 
Buffer, and Orange+ Buffer present in the four matrices examined are listed below. 
 Water E-RB S-RB All Buffer 
Blue Buffer - 1.0X 0.91X 0.91X 
Benzonase Buffer - - 0.40X 0.40X 
Orange+ Buffer - - 0.20X 0.20X 
 
 
Table B. Genotype Table of Mixture Contributors.  The genotypes of the female and male donors of the 
mixed samples are presented below, with shared alleles depicted in red. 
Locus Female Genotype Male Genotype 
D8S1179 15,16 13,14 
D21S11 29,30 27,29 
D7S820 10,11 8,10 
CSF1PO 10,12 11,12 
D3S1358 15,15 14,15 
TH01 6,8 8,9.3 
D13S317 11,12 12,12 
D16S539 9,13 11,13 
D2S1338 18,19 19,24 
D19S433 14,18.2 14,14 
vWA 16,17 17,18 
TPOX 8,8 9,11 
D18S51 15,17 12,16 
AMEL X,X X,Y 
D5S818 11,12 11,12 
FGA 23,24 21,23 
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